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Von Hippel-Lindau disease (VHL; Online Mendelian Inheritance in Man no. 193300) is an autosomal dominant, inherited tumor predisposition syndrome caused by germline mutations in the VHL tumor suppressor gene [1, 2] . Most cases (80%) are inherited from an affected parent and approximately 20% are de novo. More than 500 germline mutations have been identified since the VHL gene was cloned in 1993 [1, 3] . The incidence of VHL is approximately one in 36,000 live births and lifetime penetrance approaches 100% by age 65 years [4] . The VHL tumor spectrum includes central nervous system (CNS) and retinal hemangioblastomas (HBs), renal cell carcinomas (RCCs), renal cysts, pancreatic cysts (PCs) or pancreatic neuroendocrine tumors (PNETs), pheochromocytomas (PHEOs), endolymphatic-sac tumors, and papillary cystadenomas of the epididymis or broad ligament [2, 4] .
VHL is primarily caused by inactivation of the VHL tumor-suppressor protein, which plays a key role in cellular oxygen sensing by targeting hypoxia-inducible factors (HIFs) for ubiquitination and proteasomal degradation [5] . Approximately 95% to 100% of individuals with a clinical diagnosis of VHL have a disease-causing mutation [1, 2] . Elevated levels of HIFs subsequently result in overactivation of the vascular endothelial growth factor, plateletderived growth factor, and transforming growth factor-a downstream pathways [5, 6] . In addition, VHL tumors differ with respect to the level of HIFa activation required for tumorigenesis and HIF-independent tumor suppressor functions of the VHL tumor-suppressor protein, which can explain the heterogeneity of VHL clinical presentation [7, 8] .
VHL diagnosis is established in an individual with a single characteristic VHL-related tumor (i.e., CNS, HB, RCC, or PHEO tumor) and a family history of VHL. In the absence of a VHL family history, a diagnosis requires two or more typical VHL tumors (excluding epididymal and renal cysts) [2] . VHL diagnosis can also be confirmed if a VHL germline mutation has been identified. VHL genetic diagnosis is also essential for family counseling before disease onset in individuals harboring VHL mutations.
Because VHL has marked phenotypic variability, genetic guided surveillance would be essential to decrease morbidity related to VHL-associated tumors [2] . To date, genotypephenotype correlations in patients with VHL disease mainly rely on predisposition for PHEO development [1, 9, 10] . Type 1 VHL is characterized by truncating or large deletion mutations that confer a low risk for PHEOs, whereas type 2 VHL is characterized by missense mutations and an increased risk for PHEOs. In addition, PNETs are more often diagnosed in patients with VHL disease with exon 3 intragenic mutations, compared with patients with VHL disease with large deletions [10] [11] [12] . In this study, we investigated genotype-phenotype correlations in patients with VHL disease from a single tertiary referral hospital. In addition, we analyzed a subgroup of young patients with PHEOs to investigate penetrance and clinical presentation and revisit the optimal age at which to initiate screening.
Patient and Methods
The study was approved by the ethics committees of the Hospital das Cl´ınicas, University of São Paulo, and informed written consent was obtained from all patients. Thirty-one patients with molecular diagnosis of VHL from 22 unrelated families were retrospectively evaluated until February 2019. After clinical and/or molecular diagnosis, clinical and imaging follow-up was performed according the surveillance guideline proposed by Nielsen et al. [2] . In summary, patients underwent eye/retinal examination with an ophthalmoscope (since diagnosis) and measurement of levels of plasma-free metanephrines or 24-hour urinary metanephrines annually (after 5 years). MRI of the brain and whole spine was performed every 1 or 2 years after 16 years of age. But differently from what suggested by surveillance guidelines [2, 9] , we started to perform abdominal MRI or CT scans after 10 years from diagnosis, every 1 or 2 years, even in asymptomatic individuals. Before 10 years, abdominal imaging was performed only if there were biochemical abnormalities.
Pancreatic lesions were classified as cystic or neuroendocrine tumor according to radiological findings. Biochemical and imaging diagnosis of PHEO or paraganglioma followed the Endocrine Society guideline recommendations [13] . Malignant PNET or PHEO was defined only in the presence of local invasion or lymph nodal or distant metastases.
A. Molecular Analysis
Genomic DNA was extracted using standard procedures. All VHL coding regions were analyzed by Sanger sequencing. PCR products were sequenced in an automated ABI Prism 3700 sequencer (Thermo Fisher Scientific, Waltham, MA). The following oligonucleotides were used: exons 1, forward 5 0 -CTAGCCTCGCCTCCGTTAC-3 0 and reverse 5 0 -GTCACCCTG-GATGTGTCCTG-3 0 ; exon 2, forward 5 0 -TTAGCCAGGACGGTCTTGAT-3 0 and reverse 5 0 -CGTACAAATACATCACTTCCATT -3 0 ; and exon 3, forward 5 0 -TACTACAGAGGCATGAA-CACC-3 0 and reverse 5 0 -CCCCTAAACATCACAATGC -3 0 . In the patients with clinical VHL diagnosis but without pathogenic coding variants detected by Sanger, multiplex ligation-dependent probe amplification (MLPA) was performed to investigate large deletions. MLPA was performed as previously described using the SALSA ® MLPA ® P016 VHL probe mix (MRC-Holland, Amsterdam, Netherlands) [14] . This probe mix contains 29 probes with amplification products between 166 and 427 nucleotides: nine probes for the VHL gene (two or more probes for each exon); six probes for genes located close to VHL (FANCD2, BRK1/C3orf10/HSPC300, IRAK2, and GHRL); and 12 reference probes detecting sequences on other chromosomes. PCR product underwent capillary electrophoresis on an ABI Prism 310 Genetic Analyzer (Thermo Fisher Scientific). Data analysis was performed with Genescan 3.7 (Thermo Fisher Scientific). Dosage quotient areas outside the range of 0.70 to 1.3 were considered abnormal.
B. Statistical Analysis
Statistical analysis was performed using SPSS version (25.0 (IBM, Armonk, NY). Continuous data are expressed as median (range) values. The x 2 test was used to investigate dichotomous variables. P , 0.05 was considered significant.
Results
Among the 31 individuals with molecular diagnosis of VHL, median age at diagnosis was 26 (range, 5 to 56) years. The median follow-up was 80.6 (2 to 286) months. In our cohort, CNS HB was the most common tumor, followed by PHEO and pancreatic lesions (Table 1) . Two patients died as a result of postoperative complications of neurosurgery for HBs (patients 6 and 15; Table 2 ).
Median age at diagnosis of PHEO was 26 (5 to 49) years. All PHEOs were noradrenergic. The median size was 3.5 (0.8 to 6.8) cm. Ten of 17 PHEOs (59%) were bilateral. Six of the 10 bilateral PHEOs were synchronous. A para-aortic abdominal paraganglioma (2.2 cm) was diagnosed in a young patient with bilateral PHEO (patient 10;, Table 2 ). PHEO penetrance was 55%, starting at 4 years of age ( Fig. 1) .
Six of 16 patients (37.5%) with VHL disease with PHEO were younger than 19 (4 to 16) years, and tumor size (largest PHEO) varied from 1.3 to 6.0 cm ( Table 3 ). Five of the six patients with VHL disease (83.3%) had bilateral PHEOs, but only one case was synchronous. We report here the interesting case of a 4-year-old boy with VHL disease with a history of sudoresis, headache, and abdominal pain (case 2; Table 2 ). During evaluation, he was diagnosed with hypertension. An abdominal CT scan revealed a 5-cm heterogenous mass in the right adrenal and normal left adrenal glands. This patient underwent a right nodulectomy to preserve normal adrenal tissue. Anatomopathological diagnosis confirmed PHEO. After 3 years, a bilateral recurrence was evidenced (4-cm right and 1.5-cm left nodules). The patient underwent a right-side adrenalectomy and a left-side nodulectomy. He remained without hormone replacement. After 13 years from the second surgery, the boy presented with a left-side recurrence (1.3-cm nodule) and elevated plasmatic normetanephrine levels; he underwent left-side adrenalectomy. He is currently receiving hydrocortisone and fludrocortisone therapy.
PNETs and PCs were both identified in 16 of 31 (51.6%) patients. The median age at diagnosis was 29 (13 to 49) years. Median size of PNETs was 1.75 (0.7 to 9.6) cm. All PCs were multiple, whereas seven of 16 PNETs (43.8%) were multiple. PNET penetrance was 52%, starting at 13 years of age (Fig. 1) . Two PNETs were malignant: one in a patient with lymph node and hepatic metastases (patient 11; Table 2 ) and another in a patient with local duodenal invasion (patient 12; Table 2 ). The sizes of the malignant PNETs were 4.0 and 9.6 cm, respectively.
Among the 16 patients with VHL disease who had PNETs, three (18.8%) were younger than 19 (13 to 17) years; tumor size in this group varied from 0.7 to 2.2 cm (Table 4) . Two of them had multiple PNETs and only one had a PC. Two of the three young patients with PNETs had missense VHL mutations. Only the patient with a concomitant PC had a frameshift VHL mutation in exon 3 (case 16; Table 2 ).
VHL missense mutations were identified in 11 of 22 families (50%), frameshift mutations in four (18.2%), stop codon in three (13.6%), splicing site in two (9.1%), and large gene deletion in two (9.1%; Table 2 ). Codon 167 was a hotspot for VHL mutations, identified in 10 cases from 5 of 22 kindreds (22.7%). Codon 167 mutations were significantly associated with a higher risk of developing PHEO (90% vs. 38%; P 5 0.007; x 2 5 7.37). Among those 10 patients with codon 167 mutations, PNETs developed in six, CNS HBs in five, PCs in three, and RCCs in two.
Among the 22 families, intragenic VHL mutations (81.8%) were located in exon 1 (six families; 27.3%), exon 2 (two families; 22, 9.1%), and exon 3 (10 families; 45.5%). Large VHL deletions (two families; 9.1%) and splicing sites (two families; 9,1%) were less frequent among the 22 families. All mutations but one have been previously reported in VHL disease. The germline VHL frameshift mutation c.309_322del14 (p.G104fs*23), leading to a premature stop codon, was previously described as a somatic event in RCCs in the Catalogue of Somatic Mutations in Cancer. Two large VHL deletions were identified in two families of patients with VHL disease: an exon 1 and a complete VHL deletion (Fig. 2) .
VHL missense mutations were highly associated with PHEO when compared with other mutations (89.5% vs. 0%; P 5 0.0001; x 2 5 23.54; Table 5 ). In addition, PNETs were significantly more frequent in patients with VHL disease with missense mutations when compared with nonmissense defects (73.7% vs. and CNS HBs (91.7% vs. 47.3%; P 5 0.027; x 2 5 6.30) were more frequent in patients with nonmissense variants (truncating or large deletion) when compared with missense mutations (Table 5) .
Discussion
In this study, we analyzed a large cohort of Brazilian patients with VHL disease and investigated genotype-phenotype correlations. We found that missense mutations conferred an increased risk of PHEO and PNET development but a decreased risk of CNS HBs, PCs, and renal cysts. In our cohort, the majority of VHL mutations detected were missense, as previously described [16, 17] . Our study confirmed previous associations between VHL tumors and genotype but also expanded the genotype-phenotype correlation in this disease. These findings underscore the clinical utility in tailoring a personalized approach in the follow-up of patients with VHL disease according mutational status.
We also reported here a 5-cm PHEO in a 4-year-old boy with VHL harboring the p.Gly114Ser mutation. Two cases of PHEO before 5 years of age in VHL were previously reported [18, 19] . In both cases, patients carried VHL missense mutations (Val84Leu and Gln164Arg) [18, 19] . In 2015, Aufforth et al. [20] reported 21 pediatric patients with VHL disease (age ,19 years) with PHEO and the earliest age at diagnosis was 5.5 years, suggesting that biochemical screening (i.e., annual measurement of plasma metanephrine levels) for PHEO should start at age 5 years in patients with VHL disease. Indeed, VHL surveillance guidelines recommend starting PHEO screening only after 5 years of age [2, 9] . Data from the Dutch VHL surveillance suggest surveillance for PHEO should be initiated at birth [21] . Similarly, we think PHEO surveillance should initiate before 5 years of age, but only in children with VHL missense mutations and by measuring annually plasma metanephrine levels, without imaging. Although PHEOs in VHL disease are rarely malignant, starting annual screening of plasma metanephrine levels before 5 years of age only in a subset of children with VHL disease (those harboring VHL missense mutations) is cost-effective and will allow an earlier diagnosis of a tumor associated with hypertension and increased cardiovascular morbidity. Although PHEO size has not been reported in the two previously reported patients with VHL disease who were younger than 5 years, both children had night sweats, headache, severe hypertension, and weight loss at diagnosis [18, 19] .
Codon 167 was a hotspot for VHL mutations in our cohort. Mutations in this codon represent approximately 43% of mutations in American and Canadian families with type 2 VHL disease [15, 22, 23] . Codon 167 mutations have been associated with an increased risk of PHEO, PNET and RCC development [10, 23] . In our study, codon 167 mutations were associated only with PHEO diagnosis. Recently, Peng et al. [17] demonstrated a strong association between codon 167 mutations and PHEO development in VHL disease, but also a lower risk of CNS HBs, RCCs, and pancreatic lesions (PNETs and cysts were analyzed together).
The frequency of pheochromocytomas and paragangliomas (mostly PHEOs) in patients with VHL disease has been estimated at approximately 10% to 25% [2] . The higher frequency of PHEOs in our cohort was probably due to a referral bias to our Endocrinology Division. In our cohort, patients with VHL disease with PHEO had a higher frequency of bilateral adrenal involvement, low risk of paraganglioma and malignant disease, and early age at diagnosis. In addition, PHEOs were highly associated with missense mutations, as previously reported [1, 9, 10] . Although relevant and from a single center, our study has limitations because of its retrospectively design and rarity of VHL disease. Genotype-phenotype correlation of PNET in patients with VHL disease is not well established as PHEOs. Here, we demonstrated a higher frequency of PNETs in patients with VHL disease with missense mutations (VHL type 2). In addition, we report three PNETs [10] showed that PNETs occurred significantly more frequently in patients with VHL disease with intragenic mutations compared with large deletions. In addition, PNETs in VHL disease were significantly associated with mutations affecting exon 3 with hotspots in codons 161 and 167 [10] . In contrast to PNETs, PCs were detected more frequently in patients with VHL disease harboring nonmissense mutations in our cohort. Recently, Vikkath et al. [25] reported a preferential involvement of PCs in exon 1 mutations in 15 Indian families. In our study, frequency of PCs was not associated with exon mutations. PNET prognosis in VHL disease has been demonstrated to be better than in sporadic cases [11, 26] . PNETs in VHL disease are diagnosed earlier and more often are benign and multiple [26] . PNETs ,15 mm usually do not progress and a size .3 cm is a risk factor for malignancy [11, 26] . Recently, a 2.8-cm tumor was demonstrated to represent a better cutoff to predict malignant PNET [10] . Besides size, exon 3 mutations (mostly those in codon 161 and 167) have been also associated with an increased risk of malignancy in PNETs of patients with VHL disease [10, 12, 27] . In our cohort, the two cases of malignant PNETs in VHL disease carried the missense mutation p.Arg167Trp at codon 167 in exon 3.
Early age at onset, truncating VHL mutations, and CNS HB as the first presenting tumor were related to a decreased survival in a Chinese cohort of patients with VHL disease [17] . CNS HBs were associated with nonmissense VHL mutations in our study when compared with missense mutations, as previously reported [2, 17] . Two patients in our cohort died as a result of surgical complications of CNS HBs.
In conclusion, VHL missense mutations were highly associated with PHEOs, whereas CNS HBs were more often diagnosed in patients with VHL truncating mutations, as previously described. Interestingly, PNETs were significantly more associated with VHL missense mutations in our cohort. Therefore, patients with VHL missense mutations should be closely monitored for PNET development, particularly those with exon 3 missense mutations who carry a higher risk of malignancy. In addition, our data support that biochemical screening for PHEO should be initiated at birth for patients with VHL disease harboring missense mutations.
